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Background:  Calculus  composed  of  inorganic  and  organic  components  with  bacteria  formed  on teeth  gets
deposited  on  orthodontic  wires.  The  reason  for  calculus  formation  and  impact  of  calcium  precipitating
bacteria  (CPB)  on  orthodontic  wire  were  studied.  A  pilot  study  on  electrochemical  characterization  of
CPB  on  orthodontic  wires  was  done.
Methods: CPB  were  isolated  from  orthodontic  patients  and  identiﬁed  by  molecular  techniques.  The  elec-
trochemical  behavior  of two  isolates  (CPB-1  and  CPB-3)  on  orthodontic  wires  was  studied  by  employing
polarization  and  impedance  techniques.  The  CPB  morphology  by  scanning  electron  microscopy  and  chem-
ical  characterization  of  CPB  and  tooth  pulp  stone  were  studied  by  Fourier  transform  infrared  (FTIR)  and
X-ray  diffraction  (XRD).
Results: The  two  isolates  Bacillus  megaterium  (CPB-1)  and  Paenibacillus  sp.  (CPB-3)  identiﬁed  with  16S
rRNA  sequencing  method  increased  pH  of  B4 medium  from  5.32  to 8.3.  The  carboxylic  acid  and  phosphate
groups  identiﬁed  in  FTIR  analysis  acted  as nucleation  sites  for calcium  deposition.  The  biogenic  crystal
phases  identiﬁed  in  teeth  pulp  stone  by  XRD  were  similar  to bacterial  isolates  cultured  in the  laboratory.
The  electrochemical  studies  with  two  CPB  species  revealed  that  biogenic  calcium  phosphate  species  act
as  cathodic  inhibitors  on  orthodontic  wire.
Conclusion: The  present  study  concluded  that  teeth  pulp  stone  formation  is due  to  CPB  and  high  pH
determines  the  mineralization  process.  Diffusion  process  and  dispersive  capacitive  behavior  indicate  that
the  chloride  ions  may  penetrate  through  calcium  deposits  and  initiate  pitting  corrosion  on  orthodontic
wire  which  may  enhance  the  leaching  of  toxic  elements  in saliva.
 Japan© 2013
. Introduction
Dental plaque is a complex bioﬁlm consisting of 500 or more
icrobial species [1,2]. Its mineralization with calcium and inor-
anic phosphate [Pi] derived from saliva and crevicular ﬂuid results
n supragingival and subgingival calculus, respectively [3]. Oral
uids are the major source of nutrients for dental plaque [4].
nderstanding of calculus formation and its effects is particu-
arly important for communication with endemic, generalized,
eriodontal disease associated with early calculus deposition [5].
alculus is composed of minerals as well as inorganic and organic
omponents along with bacteria on teeth [6]. The calculus for-
ation can be noticed on orthodontic wire and the inﬂuence of
alculus on orthodontic wire is unknown.
Stainless steel alloys have been used as orthodontic wire with a
ide range of applications in both ﬁxed and removable appliances
7]. Orthodontic stainless-steel appliances are considered to be
∗ Corresponding author. Tel.: +91 4565 227770; fax: +91 4565 227779.
E-mail  address: biocorrcecri@gmail.com (S. Maruthamuthu).
348-8643/$ – see front matter ©  2013 Japanese Stomatological Society. Published by Els
ttp://dx.doi.org/10.1016/S1348-8643(13)00026-8ese Stomatological Society. Published by Elsevier Ltd. All rights reserved.
corrosion resistant, but localized corrosion has been observed in
the oral cavity [8]. In the oral cavity, factors such as temperature,
quantity and quality of saliva, presence of chloride, pH, protein, and
physical and chemical properties of food can potentiate conditions
favorable to corrosion. The corrosion of dental alloy may  be due to
oxidation, dissolution, or electrochemical reaction created by oral
environmental bioﬁlms [9].
In vitro and in vivo experiments have been carried out to
monitor the release of metal ions from orthodontic appliances
made of stainless steel which can be a source of risk to chromium
and nickel leaching [10]. Sfondrini et al. [11] monitored the release
of nickel ions from new stainless steel brackets, recycled stainless
steel brackets, and nickel-free orthodontic brackets immersed
in artiﬁcial saliva at different pH values including 4.2, 6.5, and
7.6. Higher chromium ion release from brackets was observed at
acidic pH, when compared to neutral conditions. Fixed orthodontic
appliance therapy for an average period of 16 months can lead to
increased levels of nickel and chromium ion release into the saliva
of patients as noted by Amini et al. [12]. Ortiz et al. [13] reported
from the toxicity assessment of metal ions released from stain-
less steel orthodontic brackets that they caused severe damage to
evier Ltd. All rights reserved.
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eFig. 1. Teeth pulp stone and orthodontic wire collected from dental hospital.
ellular DNA and concluded that chromium and nickel ions are also
enotoxic and cytotoxic, and may  also be a cause for the generation
f allergic reactions. Moreover, microbial corrosion on orthodontic
ire by iron oxidizing bacteria, manganese oxidizing bacteria,
cid producing bacteria, and sulphate reducing bacteria were also
oticed [14,15], but there is no report available on the inﬂuence of
alcium precipitating bacteria (CPB) on orthodontic wire.
In  the present study, CPB were isolated from orthodontic
ppliances and identiﬁed by 16S RNA gene sequencing. The elec-
rochemical behavior of CPB on stainless steel wire was  studied by
olarization and impedance techniques.
. Materials and methods
.1.  Sample collection
Scales  on orthodontic wire were collected from Karaikudi Den-
al Hospital, Karaikudi, India (Fig. 1). The scales on six samples
ere scraped into sterile containers and used for the microbial
haracterization. The collected samples were stored in an ice box
nd transported to Biocorrosion laboratory, CSIR-CECRI, Karaikudi,
ndia for microbiological and electrochemical studies.
.2.  Isolation of bacteria
Scale  samples of 0.1 g were removed aseptically and transferred
o 9 ml  of sterilized 1% peptone water and stirred for 1 h at 37 ◦C.
fter 1 h of stirring, the samples were subjected to serial dilution
nd plated by using B4 medium (Himedia Laboratories, Mumbai,
ndia) consisting of the following ingredients (g/l): calcium acetate
.5; yeast extract 4.0; glucose 10.0 as described previously [16,17].
he plates were incubated at 37 ◦C for 2–3 weeks. The total viable
acterial counts were enumerated and the bacterial population was
xpressed as colony forming units per gram (CFU/g).ternational 11 (2014) 22– 29 23
2.3. Partial biochemical characterization of the isolates
Morphologically dissimilar dominating isolated colonies were
selected randomly, further streaked on B4 medium agar plates,
and puriﬁed. The pure cultures were maintained in B4 medium
agar slants at 4 ◦C to keep the microbial strain viable. The morpho-
logical and biochemical characterization were done to identify the
bacterial isolates up to genus level according to Bergey’s Manual of
Determinative Bacteriology [18]. Biochemical characterization of the
isolates was carried out by employing Himedia biochemical test kit.
2.4. Molecular identiﬁcation of bacteria
Genomic DNA of the bacterial isolates was extracted according
to Ausubel et al. [19] and ampliﬁcation of genes encoding small sub-
unit ribosomal RNA was carried out [20]. The ampliﬁed product was
puriﬁed using GFXTM PCR DNA and Gel Band Puriﬁcation kit (Amer-
sham Biosciences, Chalfont St. Giles, UK) and cloned in pTZ57R/T
vector according to the manufacturer’s instruction (InsT/AcloneTM
PCR Product Cloning Kit, MBI  Fermentas, Vilnius, Lithuania), and
transformants were selected on LB medium containing ampicillin
(100 g/ml) and X-gal (80 g/ml). DNA sequencing was  carried
out using ABI PRISM 310 Genetic Analyzer (Applied Biosystems,
Life Technologies, Carlsbad, CA, USA). For sequencing reaction, Big
Dye Ready Reaction Dye Deoxy Terminator Cycle Sequencing kit
(PerkinElmer, Waltham, MA,  USA) was used.
2.5. Phylogenetic analysis of the isolates
The sequences obtained were analyzed with BLAST search
version 2.2.20 [21] and tools of Ribosomal Database Project II
Release 10 (http://rdp.cme.msu.edu) for taxonomic hierarchy of
the  sequences. Multiple sequence alignments were performed
using CLUSTAL X2 [22] with a collection of taxonomically-related
sequences  obtained from the National Center for Biotechnology
Information Taxonomy Homepage (http://www.ncbi.nlm.nih.gov/
Taxonomy/taxonomyhome.html/)  and Ribosomal Database
Project-II Release 10 [http://rdp.cme.msu.edu]. Phylogenetic and
similitude  analyses were done with the common 16S rRNA gene
regions, and all alignment gaps were treated as missing data. The
paired similitude and pairwise distance calculations using the
transversion/transition weighting (R = s/v) and the Kimura two-
parameter model [23] were performed with the MEGA version 4.1
program [24]. The phylogenetic trees were constructed (neighbor-
joining method), and 1000 bootstrap replications were carried out
to validate internal branches [25]. MatGAT v2.01 software [26] was
used to calculate the similitude percentages among sequences.
2.6.  Growth rate and pH measurements
The continuous cultures of CPB in B4 medium were used for the
growth study. Sterile B4 medium was  added once in 3 days to main-
tain bacterial culture viable. The bacterial growth was  evaluated for
20 days by following changes in the optical density (OD) at a wave-
length of 620 nm by UV-Visible spectra meter (Model: specord 50
ANALYTIK JENA, Jena, Germany). The pH was  also measured with
time using a digital pH meter: Model-Eutech instruments pH 510
(pH/mV/◦C meter) (Thermo Scientiﬁc, Waltham, MA,  USA).
2.7. Characterization of bioﬁlm and orthodontic wire surface
2.7.1.  Scanning electron microscope analysis
The small stainless steel coupons of size 1 cm × 1 cm were
mechanically polished to mirror ﬁnish and then subjected to
immersion in nitric acid for 5 min  at 60 ◦C in a water bath fol-
lowed by gentle cleaning with trichloroethylene. These coupons
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ere autoclaved at 121 ◦C at 15 psi for 15 min. The autoclaved
oupons were immersed in medium inoculated with the bacte-
ial isolates and incubated for 3 weeks. The stainless steel coupons
ere removed from the medium and then rinsed with 0.1 M sodium
acodylate 1:1 (v/v) and ﬁxed for 2 h at room temperature with
% glutaraldehyde in 0.1 M sodium cacodylate buffer. The coupons
ere dehydrated using different concentrations of ethanol solution
50%, 75%, and 100%). The air-dried coupons were sputter-coated
ith gold using ion sputters (Jeol JFC 1100, Jeol, Richardson, TX,
SA). The coupons were removed and observed by employing scan-
ing electron microscope (SEM) with magniﬁcation range from
00× to 12000× (Hitachi model S-3000H on secondary electron
ode at accelerating voltage of 25 kV; Hitachi, Tokyo, Japan). The
urface of collected orthodontic wire (used for six months by
rthodontic appliances) was also analyzed by SEM.
.7.2. Fourier transform infra red and X-ray diffraction analysis
The  collected pulp stone was ground aspectically with the help
f sterile mortar and pestle. The characterization of the ground
ample was done by Fourier transform infra red (FTIR) and X-ray
iffraction (XRD). The FTIR spectrum was taken in the mid  IR region
f 400–4000 cm−1. The spectrum was recorded using ATR (atten-
ated total reﬂectance) technique. The sample was  placed directly
n the KBr crystal and the spectrum was recorded in the trans-
ittance mode. The XRD pattern was recorded using computer
ontrolled XRD-system (JEOL: JPX-8030) with CuK radiation (Ni
ltered = 13418 A˚) at the range of 40 kV, 20 A. The ‘peak search’ and
search match’ program built in software (Syn master 7935) was
sed to identify the peak table and ultimately for the identiﬁca-
ion of XRD peak. The pellets of cultured bacterial isolates were
lso characterized by FTIR and XRD to compare with the pulp stone
ollected from orthodontic appliances.
.8. Electrochemical studies
.8.1.  Polarization measurements
The  elemental composition of orthodontic wire grade (SS-19
auges) stainless steel is as follows (%) chromium 18; nickel 9;
arbon 0.04–0.06; manganese 0.1–0.2; phosphorous 0.40–0.50;
ulphur 0.02–0.03; and iron – balance and used (1 mm  diame-
er size) for electrochemical studies. The wires were mounted
ith araldite in plastic straws, leaving only a small ﬁxed area
1 mm diameter) for electrochemical study and electrical con-
act was taken from the other end. The specimens were polished
ith different grades of silicon carbide sheets, degreased with
richloroethylene, washed with 10% nitric acid under boiling con-
ition 60 ◦C and cleaned with deionized water and dried. Three
pecimens were immersed in separate 100 ml  conical ﬂasks that
ontained B4 medium. CPB isolates were inoculated in B4 medium
nd used for experimental system while the uninoculted medium
as used as a control system. The incubation period was 15 days.
olarization measurements were carried out potentiodynamically
sing PARSTAT 2273 Potentiostat/Galvanostat/FRA – powerCORR
oftware employing a large platinum electrode, saturated calomel
lectrode (SCE) as reference electrode and the orthodontic wire
cted as working electrode. The system was allowed to attain a
teady potential value for 10 min. Anodic polarization was also ini-
iated at the coupon from open circuit potential (OCP) and polarized
o +1000 mV  vs SCE at the scan rate of 30 mV/min. The cathodic
olarization was initiated at the coupon OCP and polarized to –
000 mV  vs SCE at a scan rate of 30 mV/min. The polarization study
as done on the 15th day of the immersion period..8.2. Impedance studies
The  electrodes of the same speciﬁcation that were employed
or the polarization studies were also used for the impedanceternational 11 (2014) 22– 29
studies. Impedance studies were carried out using a computer con-
trolled FRA system: power SINE – software. After a steady state
was attained, an AC signal of 10 mV  amplitude was applied and
impedance values were measured for frequencies ranging from
0.1 Hz to 100 kHz. Impedance measurements were also taken on
the 15th day of the immersion period. The impedance data are
represented by the equivalent circuit by employing resistance and
capacitance. The capacitance C is
C = εoεrA
d
(1)
where εo – 8.854 × 10−12 F/m permittivity of the free space, εr –
relative permittivity of the ﬁlm, A – area of the electrode and d
– thickness of the ﬁlm. The actual data may  not be represented
by the ideal capacitance. The anomaly in the ideal capacitance is
represented by constant phase element (CPE) and mathematically
given in the equation is
1
Z
= Y = Qo(jω)n (2)
where Qo has the numerical value of the admittance (1/|Z|) at
ω = 1 rad/s an the exponent n can be any number in the range
0 < n < 1. The value m = 1 recovering a perfect capacitor. In case of
diffusion control reaction, Warburg impedance is included in the
equivalent circuit. The analytical expression of Warburg impedance
is
Zw =
[
1/Y0√
jw
]
coth{B
√
jw} (3)
The bounded Warburg describes a diffusion process totally
within a thin slice of solution (near to electrode) or a thin slice of
material. B = ı/
√
D, where ı Nernst diffusion layer thickness (cm2)
and D an average value of the diffusion coefﬁcient of the diffusing
species (cm2/s). The parameter B characterizes the time to take for
a reactant to diffuse from one side of the layer to the other. The
Warburg co-efﬁcient  is
 = 1√
2 · Y0
(4)
where Y0 has the admittance of Warburg impedance.
3.  Results
The CPB count was  2.45 × 103 CFU/g in the scale collected from
the orthodontic patients. Six bacterial isolates were characterized
using the molecular identiﬁcation technique and conﬁrmed that all
six isolates are Bacillus species. Among the six, two strains CPB-1
and CPB-3 were taken for further analysis. Preliminary identiﬁca-
tion of the bacteria by biochemical test indicated that the isolates
belonged to the genus Bacillus. The phenotypic and biochemical
proﬁles of the two  strains (CPB-1 and CPB-3) are shown in Table 1.
The sequences obtained were submitted to a BLAST search to
retrieve the corresponding phylogenetic relatives. The phyloge-
netic afﬁliations (Firmicutes) were conﬁrmed by the analyses of all
the related species recognized by the taxonomic and classiﬁcation
hierarchy done using the NCBI Taxonomy Homepage and Ribo-
somal Database Project-II Release 10. The phylogenetic tree was
constructed for the Bacillus sp. (Fig. 2.) to analyze the relationship
among the sequences of the ribosomal library and related orga-
nisms from the GenBank database. The following bacterial species
Bacillus megaterium (CPB-1) and Paenibacillus sp. (CPB-3) were used
for the electrochemical analysis. The similitude analysis and phylo-
genetic analysis showed that the strains CPB-1 and CPB-3 had 99.5%
similarity with database sequence and due to its close related-
ness and reliability; they have been selected for the present study.
P. Dhandapani et al. / Oral Science International 11 (2014) 22– 29 25
Table  1
The  morphological and biochemical characteristics of calcium precipitating bacteria.
Characteristics CPB1 CPB3
Cell morphology
Gram stain + +
Shape Rod Rod
Motility + +
Biochemical reaction
Indole  test − −
Methyl red test − −
V P test − −
Citrate utilization test + −
Oxidase test + −
Catalase test − −
Nitrate reduction test − −
Triple sugar ion test AB/AS AB/AS
Production of acid from
Galactose − +
Fructose + −
Sucrose − +
Lactose + +
l-Arabinose − −
Rafﬁnose + −
Hydrolysis of
Starch  + +
Gelatin − −
Urea + +
Lipase − −
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Fig. 2. Neighbor-joining tree based on 16S rRNA gene sequences of calcium precip-
itating  bacteria from orthodontic appliances, showing phylogenetic relationships
between  sequences of the bacterial group Firmicutes (Bacillus-related species).
Clostridium  aerotolerans was used as a bacterial out-group. Numbers at nodes indi-
cate bootstrap values >50% from 1000 replicates. Accession numbers of Genbank
closest  relatives are given in parentheses. The closest Genbank relative and sam-
ple name (Alpha-numerals) are given in bold face with similarity (%). The scale bar
as O H stretching. A peak at 2926 cm−1 can be assigned to the
stretching vibrations C H group. A peak observed at 2362 cm−1
was  assigned as P O stretching vibrations. Another peak observedote: +, positive; −, negative; AB/AS, acid butt, alkaline slant; CPB 1, Bacillus mega-
erium;  CPB 3, Paenibacillus sp.
ore than 65% growth dominance in B4 medium was also observed
mong the other bacterial isolates which made the strains CPB1 and
PB3 selected in the electrochemical studies. The growth and pH
urves of CPB in B4 medium are plotted in Fig. 3. In the control
ystem, the pH of the B4 medium was 5.7–4.7 at end of the 20th
ay. The slight decrease in pH of control may  be due to the carbonic
cid formed as the reaction between atmospheric CO2 and urea in
he medium and solubility of inorganic chemicals present in the
ontrol medium. In the presence of bacteria, the initial pH was  5.32
nd gradually increased with time (pH 8.3).
The SEM image of orthodontic wire and natural bioﬁlm is shown
n Fig. 4. Fig. 4a shows pitting on stainless steel collected from
rthodontic appliances. The size of pit was 2 m widths. Fig. 4b–d
how SEM image of CPB cultured in the laboratory. The ﬁber struc-
ure of scale can be noticed in Paenibacillus sp. (CPB-3), which is due
o biomineralization within rod shaped cells (Fig. 4b and c). The rod-
ike structure of B. megaterium (CPB-1) can be seen adhering on the
urface of the stainless steel (Fig. 4d).
FTIR spectrum recorded from the teeth pulp stone and two-
eek-old bacterial pellets (laboratory cultured bacteria) collected
rom B4 medium are shown in Fig. 5. FTIR spectrum for teeth
ulp stone shows a peak at 3421 cm−1 indicated by the stretch-
ng OH groups. The corresponding bending vibration was seen at
926 cm−1 which can be assigned to the C H stretching vibra-
ions of alkane compounds. A peak observed at 2359 cm−1 was
ssigned as P O vibration. The two peaks observed at 1649 cm−1
nd 1549 cm−1 were assigned to Ca(CO4)
2− stretching vibrations.
 peak observed at 1031 cm−1 was identiﬁed as carboxylic dimer
tretching vibrations of metallic carbonates. A peak at 604 cm−1
as assigned to the PO4
3− stretching vibrations. A peak noticed at
09 cm−1 can be assigned to (CO4)
2− stretching vibrations of metal-
ic carbonates. In the presence of B. megaterium (CPB-1) (Fig. 5b),
 peak at 3276 cm−1 can be assigned to the O H stretching. A
eak at 2429 cm−1 can be assigned to the stretching vibrations
 H group. The peaks observed at 2362 cm−1 and 1225 cm−1 were
ssigned to the P O stretching vibrations. Another peak observed
t 1726 cm−1 indicated the C O stretching vibrations. A peakindicates sequence divergence. CPB1 – Bacillus megaterium; CPB2 – Lysinibacillus
fusiformis;  CPB3 – Paenibacillus sp.; CPB6 – Bacillus sp.; CPB7 – Bacillus sphaericus;
CPB8  – Bacillus coagulans.
noticed at 1537 cm−1 indicated the N H stretching, where the cor-
responding bending vibration was  noticed at 1452 cm−1. A peak at
1049 cm−1 indicated the carboxyl group. FTIR spectrum for Paeni-
bacillus sp. (CPB-3), shows a peak at 3274 cm−1 that can be assignedFig. 3. pH and growth curves of calcium precipitating bacteria in B4 medium.
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Fig. 4. Scanning electron microscope observation of orthodontic wire collected from ortho
collected from teeth pulp stone scales. (a) Pits on orthodontic wires. (b–d) Bacterial cells 
Fig. 5. Fourier transform infrared spectrum of the teeth pulp stone (a) and scale
formation  by calcium precipitating bacteria (CPB)-1 (b) and CPB-3 (c) in B4 medium
at laboratory conditions.dontic patient and the morphology of cultured calcium precipitating bacteria (CPB)
isolated from teeth pulp stone scales of orthodontic wire.
at 1633 cm−1 indicated the N H stretching vibrations. A peak at
1229 cm−1 indicated acetate group. A peak noticed at 1026 cm−1
indicated the carboxyl group. A peak at 600 cm−1 indicated the
phosphate group. This observation reveals that the presence of
components viz., PO4
3−, (CO4)
2−, N H, and C H stretching in
bacteria are similar to teeth pulp stone. Hence, it can be claimed
that the formation of teeth pulp stone is due to CPB.
XRD data corresponding to the phases present in teeth pulp
stone and bacteria cultured in laboratory are shown in Fig. 6.
Calcium phosphate hydroxide Ca10·(PO4)6O, CaH2·(PO3)4, and
Ca2P2O7 were observed in the teeth pulp stone. Calcium phos-
phate hydroxide (Ca10·(PO4)6O), calcium di hydrogen phosphate
CaH2(PO3)4, and calcium phosphate Ca2P2O7 were noticed in
cultured bacteria isolated from the laboratory. These results
support the observation made in FTIR.
The polarization data (anodic and cathodic) for orthodontic
wire in presence and absence of CPB-1 and CPB-3 in B4 medium are
P. Dhandapani et al. / Oral Science International 11 (2014) 22– 29 27
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oig. 6. X-ray diffraction pattern of the teeth pulp stone and laboratory-induced scale
ormation by calcium precipitating bacteria (CPB) in B4 medium.
resented in Fig. 7. In cathodic polarization (7b), the current was
igher in control when compared to CPB-1 and CPB-3. It reveals
hat calcium carbonate/phosphate may  act as cathodic inhibitor
hich suppresses the cathodic reaction. While seeing anodic
olarization curves (7a), there was no signiﬁcant difference in
nodic current between control and CPB-1. At +600 mV vs SCE, less
nodic current was noticed in presence of CPB-3 when compared
o control and CPB-1. It reveals that the presence of anions with
alcium determine the anodic current.
Nyquist plots obtained for orthodontic wire in the pres-
nce/absence of CPB are shown in Fig. 8a. Performing
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(a)
ig. 7. Electrochemical behavior of calcium precipitating bacteria (CPB) on the
rthodontic wire. (a) Anodic polarization curve. (b) Cathodic polarization curve.Fig. 8. Impedance analysis of calcium precipitating bacteria (CPB) on the orthodon-
tic  wire. (a) Nyquist plot. (b) Bode plot. (c) Proposed equivalent circuit.
Kramers–Kronig transformations of the imaginary and real
components of impedance validated the measured impedance.
Bode phase angle plot for stainless steel wire in control shows
the presence of two little deﬁned maxima which can be identiﬁed
around 680 Hz and 3 Hz within the intermediate at low frequency
interval. It indicated the presence of two time constants which
revealed the two simultaneous phenomena on the surface of
stainless steel (Fig. 8b). In the case of B. megaterium (CPB-1), two
maximum peak shifts were noticed at lower frequency ranges
around 68 Hz and 316 mHz  whereas in Paenibacillus sp. (CPB-3),
bode phase angle plot showed the single maximum at 15 Hz
indicating the occurrence of a single process on the metal sur-
face. Fig. 8c is the proposed equivalent circuit used to describe
impedance diagram obtained for stainless steel in the presence
of bacteria and control medium. Rs values commonly associated
with solution resistance, R1 and C1 represented the existence of
semiconducting iron oxide and corresponding ﬁlm capacitance,
respectively. R2 is the charge transfer resistance and ZW is the
Warburg impedance describing the diffusion-controlled reaction.
Table  2 shows the values of equivalent circuit components
obtained using the proposed equivalent circuit by the non-linear
least square method. The solution resistance Rs values increased
from 2.343 k to 3.548 k and 4.577 k in the presence of B. mega-
terium (CPB-1) and Paenibacillus sp. (CPB-3), respectively.
With B. megaterium (CPB-1), R1 and C1 values were 23 k and
4.599 F. It indicates the high resistance and capacitor due to oxide
ﬁlm and CPB on the electrode surface. At a frequency less than
146 mHz  in the nyquist plot the same dispersive capacitance was
shown which might be due to the excess ions (calcium precipi-
tation) blocked on electrode surface. In the case of CPB-3, the ﬁlm
resistance increased to 47.58 k. The higher resistance is due to the
thickening of insulating ﬁlm and increase in the area of the coverage
28 P. Dhandapani et al. / Oral Science International 11 (2014) 22– 29
Table  2
Impedance analysis in presence and absence of calcium precipitating bacteria (CPB) CPB 1: Bacillus megaterium; CPB 3: Paenibacillus sp.
Rs (k) R1 (k) C1 (F) RCT (k) YCPE × 10−6 n Ccal (nF) B YB × 10−6 GF  = 1/(
√
2 × YB)
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aControl 2.343 0.3473 1.654 18.20 1.330 
CPB1  3.548 23.03 4.599 35.98 1.652 
CPB3  4.618 47.58 1.457 0.0733 0.185 
n the electrode which was conﬁrmed in SEM image showing full
overage of Paenibacillus sp. (CPB-3) of the electrode (Fig. 4D). The
apacitance C1 was lower (1.457 F) when compared to other sys-
ems indicating thickening of the non-conducting calcium-based
iogenic ﬁlm.
.  Discussion
In present study, it is possible that the identiﬁed species of Bacil-
us may  consume calcium acetate from B4 medium which produces
rganic acids resulting in pH reduction during the initial stage. The
act that the low pH shifted to high pH may  be due to the urease
nzyme present in the bacteria. The hydrolysis of urea increases
he high pH by production of ammonia which determines the min-
ralization process. Okabe et al. [27] also noticed that cells are
usceptible to changes in pH, and can only survive at pH levels
etween 6.6 and 7.8. They also claimed the mineralization ability of
uman dental pulp cells in a high alkaline condition of pH 7.8. These
esults are in accordance with Achal et al. [28] who  observed bio-
alciﬁcation due to urease activity. The fall in pH during the initial
ays might be a result of formation of acids due to the carbohy-
rate metabolisms and the rise of pH is due to urease activity and
arbonate formation [28]. However, the calcium crystal for the cul-
ured bacteria in the laboratory is similar to the composition of
he teeth pulp stone collected from orthodontic appliances. The
verall observation indicates that the organic functional groups of
arboxyl, secondary amine, hydroxyl, and phosphate were respon-
ible for the calcium precipitation in the bioﬁlm. The nucleation and
rowth of calcite crystals occurred in an organic matrix and bacteria
ere found to be associated with mineral surfaces, indicating that
icrobial mediation could be an active process. The organic mucus
ncapsulating the bacteria might be promoting diffusion gradients,
hereby ions can diffuse through it and enable the development of
hysicochemical conditions enhancing mineral precipitation [16].
In the present study, FTIR and XRD revealed the presence of car-
oxylic acid, amide, hydroxyl, and phosphate which indicate the
ole of bacteria on calcium precipitation. The results support the
bservation made by previous investigators [29,30] who  noticed
PO4)6·O, CaH2·(PO3)4, and Ca2P2O7 in the teeth pulp stone. Yong
t al. [31] reported the synthesis of nanophase hydroxylapatite
n Serratia sp. using CaCl2 and inorganic phosphate. It is reported
hat the bacterial cell wall, containing more number of carboxylic
roups, acts as the template for calcium nucleation sites to produce
alcium hydroxylapatite, which shows excellent biocompatibility
nd is bioactive in the human body. This observation supports the
bservation of carboxylic acid in the present study. Boquet et al.
32] showed that most soil bacteria are able to precipitate crystals
f calcium carbonate when tested in a medium containing calcium
cetate and that calcite production by bacteria is just a function of
edia composition. Stocks-Fischer et al. [33] have examined the
hysical and biochemical properties of CaCO3 precipitation in sand
nd found that only rhombohedral calcite crystals were produced.
hey also found that the bacteria were in the middle of calcite
rystal acting as a nucleation site.Lian et al. [34] noticed that the natural biomineralization of the
alcium phosphate and calcium carbonate are crystals shaped like
exagonal, cubic, micro rod, spherical, needles and hollow spheres
nd porous in nature. The bio-mineralization process may  enhance.761 74.14 4.484 13.19 4.609E−3 53,609.31
.525 85.81 3.130 13.89 3.21E−3 50,907.62
.945 140 20.03 4.167 3.825E−3 169,692.1
the  formation of ﬁber- or needle-shaped structures. SEM observa-
tion indicates the occurrence of both bacteria and calcite where the
crystals provide substrate for the bacteria to develop colonies and
the colonization either promotes or retards the further growth of
the crystal phase [35,36].
Paenibacillus  sp. (CPB-3) reduced the anodic current at +600 mV
vs SCE when compared to control and B. megaterium (CPB-1). It can
be assumed that the inﬂuence of anionic (carboxylic acid) species
present in the bioﬁlm and coverage of CPB reduced the anodic
current. While seeing cathodic current, CPB-3 and CPB-1 reduced
the current at all potentials when compared to control. It reveals
that accumulation of calcium components inhibit cathodic reaction
which acts as a cathodic inhibitor. The presence of calcium ions
in the B4 medium determines the solution resistance in control.
The proliferation of bacteria determines the Rs by production of
calcium crystals present in the medium. The ﬁlm resistance R1 was
0.3473 k with capacitance of 1.654 F for control system which
is due to the semiconductive iron oxide ﬁlm with some physical
adsorption of calcium ions. Besides, the nature of curve in nyquist
plot indicates the diffusion process at low-frequency region. The
n value for CPB-1 was 0.525 which indicates the presence of
heterogeneous calcium-based ﬁlm on the metal surface. The n
value for CPB-3 was  0.945 and reveals the homogenous biogenic
calcium-based ﬁlm on the metal surface. The charge transfer resis-
tance (Rct) value for CPB-3 was  lower (0.0733) when compared to
CPB-1 (35.98). It reveals that calcium crystal formation by bacteria
is greater with CPB-3. The Warburg impedance represented the
diffusion of dissolved ions from the solution. These ions were
blocked by oxide ﬁlm of stainless steel and hence low frequency
less than 146 mHz  in nyquist plots (Fig. 8a) showed the dispersive
capacitive behavior.
This  study also reveals that CPB enhances the resistance of
stainless steel by calcium crystal formation. It can be assumed
that the presence of chloride ions may  penetrate through calcium
deposits and initiate pitting corrosion on orthodontic wire. Further
research is needed to propose a mechanism on pitting corrosion
of orthodontic wires by calcium precipitating bacteria. This basic
study will be useful for selection of materials against CPB in
orthodontic appliances.
The  16S rRNA gene sequences of the six bacterial isolates
have been submitted to Genbank under accession numbers
GQ979982–GQ979984; GQ979987–GQ979989.
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